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ABSTRACT   
We propose a passive optical sensor for online magnetic field monitoring in large hydrogenerators, based on FBG (Fiber 
Bragg Grating) technology and a magnestostrictive material (Terfenol-D). The objective of this sensor is to detect faults 
in the rotor windings due to inter turn short-circuits. This device is packaged in a novel rod-shaped enclosure, allowing it 
to be easily installed on the ventilation ducts of the stator of the machine. This sensor was developed and tested in 
laboratory and it has been evaluated in a field test on a 200 MVA, 60 poles hydrogenerator.   
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1. INTRODUCTION  
Monitoring the health of hydrogenerators is of great importance for electric utilities and industry. Because these 
machines operate almost uninterruptedly, it is expected that some problems may occur. For example, inter turn short-
circuits on the poles windings, caused by failures on the insulation due to the aging process and the harsh environment1. 
These short-circuits sometimes can be observed only when the machine is operating, due to the centrifugal forces that 
actuates on the poles, pressing the turns together. Because of this, online monitoring methods have been developed. One 
well-known technique is the installation of probe coils on the stator inner wall to monitor the magnetic flux produced by 
the poles1,2. Because the probe needs to be installed on the air gap, the rotor must be removed to allow the sensor to be 
attached to the stator wall. Moreover, the sensor must be glued, making it very difficult to be removed later. In an 
industrial environment with harsh conditions such as hydropower plants, optical sensors have numerous advantages over 
electric sensor, due to the electrical insulation, passivity, small size and the ease to integrate the sensor to a 
communication network, making it simple to transmit the measured data over long distances. In this work, we propose a 
passive optical sensor for online magnetic field monitoring in large hydrogenerators. This sensor uses a FBG (Fiber 
Bragg Grating) structure attached to a magnetostrictive material composed by the rare-earth alloy Terfenol-D. This 
material has a strain response proportional to the magnetic field applied to it when operating in the linear regimen3. This 
strain is transferred to the FBG, resulting in a wavelength displacement of the light reflected by the grating. This device 
is packaged in a novel rod-shaped enclosure, allowing it to be easily installed on the ventilation ducts from the back of 
the stator of the machine, so the sensing element faces the poles. There is no need to use any kind of glue, and the 
installation can be done without removing the rotor or any fundamental parts of the machine. When short-circuit occurs, 
it is expected to be a reduction of the magnetic field generated by the affected pole in comparison to the other poles. 
Therefore, with the proper signal processing, it is possible to detect shorted turns without having to stop the machine. 
This sensor was developed and tested in laboratory and installed on the 200 MVA, 60 poles generator of Salto Osório 
hydroelectric power plant in Brazil. 
2. SENSOR AND PACKAGING 
The magnetic field sensor is composed of a magnetostrictive material attached to a FBG. This magnetostrictive material 
is a rare-earth alloy composed by Terbium, Iron and Dysprosium, known by its commercial name: Terfenol-D. It was 
developed by the US Naval Ordinance Labs to be used in underwater applications4. Because Terfenol-D is a 
ferromagnetic material, it has magnetic domains randomly distributed. When an external magnetic field is applied, the 
Fiber Optic Sensors and Applications XIII, edited by Eric Udd, Gary Pickrell, Henry H. Du, Proc. of SPIE 
Vol. 9852, 98520L · © 2016 SPIE · CCC code: 0277-786X/16/$18 · doi: 10.1117/12.2223919
Proc. of SPIE Vol. 9852  98520L-1
Downloaded From: http://proceedings.spiedigitallibrary.org/ on 07/27/2017 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx
  
magnetic domains tend to align with the field, causing the material to stretch in the direction of the field vector, due to 
the new structural arrangement, as shown in Figure 1(a). 
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Figure 1. (a) Working principle of magnetostriction (b), representation of the sensing element, (c) photograph of the 
transducer during the process of fabrication. 
Figure 1(b) shows the sensing element of the magnetic sensor developed. We ordered a tube-shaped Terfenol-D bar in 
order to accommodate the FBG inside it. This option protected totally the FBG, reducing the package size. The use of the 
tube to accommodate the FBG also avoided the problems associated to the use of Terfenol-D powder associated with 
resin composites, such as the smaller sensitivity to the applied magnetic fields5.  
An epoxy-based aircraft glue (Hysol® EA 9320NA) was used to attach the FBG to the Terfenol-D, so when the alloy 
suffers stretching due to magnetic field, the deformation is transferred to the grating, resulting in a reflected wavelength 
shift. The tube has an external diameter of 3 mm, internal diameter of 1 mm and length of 30 mm. Figure 1(c) shows a 
photograph taken during the transducer’s fabrication process.  
The device was packaged inside a rectangular rod made of polyacetal, with the sensing element (Terfenol-D + FBG) 
placed in one of its extremities. The optical fiber is accommodated along the rod, continuing to an optical cable used for 
protection. The packaging was designed to be easily installed into the ventilation ducts of the hydrogenerator from the 
back of the stator, so that the sensor was located near the air gap, facing the poles. Figure 2 shows a photograph of the 
sensor encapsulated into the packaging. 
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Figure 2. Photograph of the packaging. The dark spot on the right extremity is the Terfenol-D tube. 
To ensure that the device stays fastened, a disc filled with neodymium magnets was developed, using the same material 
of the rod. The disc can slide through the rod to adjust the position of the sensor inside the ventilation duct, and a screw 
is used to lock the disc in position. This allows the fixation of the sensor without the need of any kind of glue, making it 
easy to remove when necessary. 
3. LABORATORY TEST AND FIELD TRIAL 
3.1 Laboratory test setup 
We used a rotating apparatus provided with a plate to test the sensor in laboratorial environment. This plate rotates at 
maximum angular speed of 70 rpm, where we attached four neodymium magnets in order to simulate four poles. The 
sensor was installed in a metallic support, similar to one ventilation duct of the hydrogenerator. A broadband optical 
signal is generated by the interrogation unit, divided in an optical splitter and sent to the sensors under test. Each sensor 
reflects a specific wavelength. These signals are coupled and sent back to the interrogation unit, where they are detected. 
A computer acquires the interrogator signal through serial communication and a software analyzes the data acquired by 
translating the spectrum obtained by the interrogator into a temporal waveform and applying peak detection algorithms 
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to locate each pole and measure the wavelength shift produced by them. A fifth magnet element was attached to the 
rotating plate to work as a trigger generator, activating a reed switch and generating a binary signal which modulates a 
DFB laser. The modulated optical signal is sent to the interrogator along with the sensors’ signal, as can be noticed on 
the diagram of Figure 3(a). The objective of the trigger signal is to synchronize the acquisition. The trigger signal is 
present when a pre-established pole is being measured by the sensor. The software then assumes that this is the reference 
pole and the acquisition starts from this position. Because the position of this pole is known, if an anomaly is detected 
the operator can indicate exactly which pole has the problem. Figure 3(b) shows a picture of the experimental setup. 
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Figure 3. (a) Diagram of the setup used on laboratorial tests. (b) Photographs of the experimental setup. 
3.2 Installation on hydrogenerator 
The diagram of the system installed is similar to the setup of Figure 3(a), as shown in Figure 4. The instruments already 
existent in the power plant provided the trigger signal generator. Three sensors were installed in a hydrogenerator with 
60 poles and nominal rotation of 120 rpm, each one in a different position of the machine, to avoid erroneous 
measurements caused by eventual short-circuits in the stator. Figure 5 shows a photograph of the rotor and one sensor 
attached to the stator external core, with the rod inside one ventilation duct. 
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Figure 4. Diagram of the system installed on a hydrogenerator. The inset shows in detail the sensor inserted in the 
ventilation duct. 
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Figure 5. Photographs of the rotor and the installation of one sensor. 
4. EXPERIMENTAL RESULTS 
 
For the laboratorial evaluation, we used the setup shown in Figure 3(a). The neodymium magnets where placed in 
slightly different heights to simulate different magnetic field amplitudes over the sensor under test. Figure 6(a) shows the 
sensor response during one rotation period of the apparatus. Each peak represents one magnet, hence one pole. The 
maximum wavelength variation was approximately 0.32 nm, corresponding to a magnetic field of approximately 1000 
gauss, or 0.1 tesla. This field was measured using a gaussmeter in the center of the magnet, at a distance of 1 cm. 
Because the dimension of the magnets is small compared to the sensor size, the positioning of the magnets has a 
significant influence on the wavelength shift. Figure 6(b) shows the response of one sensor installed on the 
hydrogenerator during one period of rotation. It can be noticed that there are 60 poles, which produces a wavelength 
variation of approximately 0.21 nm. The interrogation software analyzes this waveform and calculates the peak-to-peak 
amplitude of each pole. Knowing that the majority of the poles are supposed to operate normally, it searches for peak-to-
peak amplitudes that are lower than a defined threshold, comparing with the other peaks and indicates which poles may 
have an anomaly. The trigger signal is sent to the software so the acquisition always start at a defined time, so the first 
peak in the waveform signal is always the same pole, the second peak is the next pole, and so on. The first peak is the 
reference pole, and it is used to indicate to the operator which pole has an anomaly. 
Figure 7(a) shows a zoomed region of the temporal response of the sensor under two different conditions. The dashed 
line is the wavelength shift when the hydrogenerator operates at self-excited mode and disconnect from the power grid, 
i.e. there is only current flowing on the rotor winding. The straight line is the response when the hydrogenerators is 
synchronized to the power grid implying in current flowing not only on rotor winding but also on stator winding. As 
expected, the overall magnetic field is increased, causing the peak-to-peak response to increase. Even with this influence 
of the stator current, in the case there is a drop in the magnetic field of one pole, the sensor reacts with a proportional 
drop in the wavelength shift, enabling the detection of the anomaly. This behavior can be noticed on Figure 7(b), where 
the peak response of one pole is compared with the field current measured on the rotor in the period between November 
19 and December 1st of 2015. 
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Figure 6. Sensor’s temporal response during (a) one period of rotation of the rotating plate in the laboratorial test (b) one 
period of rotation of the hydrogenerator. 
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Figure 7. (a) Zoomed section of sensor’s temporal response with and without the influence of the stator (b) Evolution of the 
response of one pole from November 19, 2015 to December 1st, 2015 compared to the field current of the rotor during the 
same period. 
 
As can be noted on Figure 7(b), there is a strong correlation between the data measured by the optical fiber sensor and 
the data measured by the current sensor of the hydrogenerator. Because the magnetic field produced by the rotor 
windings is directly proportional to the field current, the result shown in the graph on Figure 7(b) proves the proper 
functioning of the sensor. During the test period, the system did not detect any anomaly, but the sensors remain 
operational up to date, and the conditions of each pole are constantly monitored, being possible to predict any problem 
that may occur in the future. 
 
5. CONCLUSION 
This work presented the results of the development of an optical sensor to monitor the magnetic field produced by the 
rotor poles aiming to the detection of short-circuited windings. The choice of the ventilation ducts of the stator allowed a 
simple installation, not requiring long stop periods, minimizing the need to disassemble mechanical components of the 
machine, and avoiding the use of loose parts. Because the optical technology allows the fabrication of low-sized sensors, 
it was possible to surpass the challenge imposed by the reduced dimensions of the ventilation ducts. 
The laboratory tests and field trial showed that the sensor could respond to varying magnetic fields and its response is 
proportional to the field produced by the rotor poles. The influence of the stator magnetic field has not compromised the 
sensor’s functionality. Three sensors were installed in different positions of the machine to avoid erroneous readings of 
eventual short-circuits located in the stator instead of the rotor poles. During the field trial period, no anomalies were 
observed, but the sensors are still operational and the health of the hydrogenerator is monitored up to date. It will be 
possible to predict if any problems may occur in the future with an analysis of the data being collected. 
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